Background and Purpose-Whether physical activity reduces stroke risk remains controversial. We used a meta-analysis to examine the overall association between physical activity or cardiorespiratory fitness and stroke incidence or mortality. Methods-We searched MEDLINE from 1966 to 2002 and identified 23 studies (18 cohort and 5 case-control) that met inclusion criteria. We estimated the overall relative risk (RR) of stroke incidence or mortality for highly and moderately active individuals versus individuals with low levels of activity using the general variance-based method. Results-The meta-analysis documented that there was a reduction in stroke risk for active or fit individuals compared with inactive or unfit persons in cohort, case-control, and both study types combined. For cohort studies, highly active individuals had a 25% lower risk of stroke incidence or mortality (RRϭ0.75; 95% CI, 0.69 to 0.82) compared with low-active individuals.
S troke is a leading cause of death and long-term disability in the United States. Approximately one half million US adults suffer from stroke (first attack) each year, with 100 000 recurrent attacks. 1 Of these, 160 000 are fatal. 2 Since effective treatments for stroke are limited and many stroke survivors require lengthy rehabilitation and chronic care, primary prevention of stroke is imperative to avoid the burden of this disease.
Hypertension and cardiac disease are the primary risk factors for stroke. 3, 4 Physical activity may modify these risk factors for stroke and may have more direct effects to lower stroke risk as well. A systematic review reported that physical activity is inversely associated with incidence of hypertension and coronary heart disease. 5 However, whether physical activity alters stroke risk was less clear, partly because there were fewer stroke events in some studies. Some investigators found an inverse association between physical activity and stroke risk. 6 -21 Other studies have shown a U-shaped association, no association, or a positive association between physical activity and stroke incidence or mortality. [22] [23] [24] [25] [26] [27] To See Editorial Comment, page 2481 address stroke prevention strategies, it is important to investigate whether physical activity reduces stroke incidence or mortality. We therefore investigated the overall association between physical activity and stroke incidence or mortality from published studies between 1966 and 2002.
Materials and Methods

Study Selection
We searched MEDLINE from January 1966 through July 2002, using the medical subject headings physical activity, exercise, leisure-time activity, stroke, and cardiovascular disease. We also searched the Surgeon General's report on physical activity and health. 28 We reviewed all relevant articles and identified 31 published epidemiological studies of physical activity and stroke, 23 of which (18 cohort and 5 case-control) met our inclusion criteria. Inclusion criteria were English language reports of any cohort or case-control study in which physical activity (leisure-time activity) 6 -27 or cardiorespiratory fitness 29 was classified as low, moderate, or high 6,8 -10,12-21,23-27 or was classified as the least to the highest intensity 7, 11, 22, 26 of physical activity. We excluded 8 studies from the analysis. Four studies either classified or analyzed physical activity only as low versus other 30 -33 ; 2 studies analyzed physical activity on a continuous scale 34, 35 ; and 2 studies reported death rates or relative risks (RRs) without CIs, and therefore the variances of the RRs were inestimable. 36, 37 
Data Extraction
All the data were independently abstracted by 1 investigator (C.D.L.). Measures of association reported within a single study separately for different ethnic groups, sexes, age groups, or outcome measures were analyzed as separate units. For instance, in the National Health and Nutrition Examination Survey (NHANES) I epidemiological follow-up study, we included 5 different data units: white women aged 45 to 64 years, white women aged 65 to 74 years, white men aged 45 to 74 years, white men aged 65 to 74 years, and blacks aged 45 to 74 years. 13 For Honolulu Heart Study men, we used 2 data units with different age groups (aged 45 to 54 and 55 to 68 years). 6 For the Framingham Study, we separated 2 data units (men and women). 12 In the Established Populations for Epidemiologic Studies of the US Elderly, we included 3 data units: Boston (Mass) elderly, New Haven (Conn) elderly, and Iowa elderly. 27 We obtained 23 studies that met inclusion criteria, yielding a total of 31 data units. The studies' characteristics were recorded as follows: author's name, publication year, study population (sample size, age, sex, and ethnicity), physical activity classification (low, moderate, high activity intensities), activity type (leisure-time only), follow-up years (cohort studies), outcome measure (stroke incidence or mortality), RR (or odds ratio) and CI, and covariates.
Statistical Analysis
The RR or odds ratio was used to estimate the risk ratio of stroke incidence or mortality for moderately or highly active individuals versus low-active individuals. We used the general variance-based fixed effects model to analyze the cohort and case-control studies separately and then combined both study types. 38 We transformed each study's RR to natural logarithms to stabilize the variances. The variance of the RR was estimated from the CI. The overall RR was estimated as follows:
where w i is a weight for the study, which is the inverse of the variance for the study. We tested homogeneity of the association across studies using Woolf's 2 statistic. 39 We also tested for publication bias using a funnel plot of the sample sizes versus RRs and with the Kendall rank correlation method. All statistical analyses were performed with the use of STATA statistical software (Stata Corporation).
Results
Eleven of the 18 cohort studies (Table 1) were from the United States, and 7 studies were from elsewhere, such as England, Norway, Iceland, Japan, Italy, or the Netherlands. One of the 5 case-control studies ( Error bars represent 95% CIs for each RR (*adjusted for age only; †adjusted for age and some risk factors excluding high blood pressure; † †adjusted for age and major risk factors including high blood pressure). A RR Ͻ1.0 indicates that greater physical activity levels may decrease the risk of stroke incidence or mortality. Error bars represent 95% CIs for each RR ( †adjusted for age and some risk factors excluding high blood pressure; † †adjusted for age and major risk factors including high blood pressure). A RR Ͻ1.0 indicates that greater physical activity levels may decrease the risk of stroke incidence. homogeneous within cohort (Pϭ0.80) and case-control (Pϭ0.96) study groups and across all studies (Pϭ0.81). Figure 1 shows the RRs (and 95% CIs) of stroke incidence or mortality for highly active individuals versus low-active individuals in the cohort studies. The CIs for the RRs of many studies included 1.0. The RRs were Ͻ1.0 in 14 studies, but 4 studies had RRs Ͼ1.0. Overall, highly active individuals had a 25% lower risk of stroke incidence or mortality in the cohort studies than did low-active individuals (RRϭ0.75; 95% CI, 0.69 to 0.82; PϽ0.001). For case-control studies, highly active individuals had a 64% lower risk of stroke incidence than did low-active individuals (RRϭ0.36; 95% CI, 0.25 to 0.52; PϽ0.001) (Figure 2 ). When the cohort and case-control studies were combined, highly active individuals had a 27% lower risk of stroke incidence or mortality than did low-active individuals (RRϭ0.73; 95% CI, 0.67 to 0.79; PϽ0.001) ( Table 3 ). We observed similar results across subtypes of stroke on the basis of 6 ischemic and 3 hemorrhagic stroke studies. Highly active individuals had a 21% lower risk of incident ischemic stroke (RRϭ0.79; 95% CI, 0.69 to 0.91; PϽ0.001) and a 34% lower risk of incident hemorrhagic stroke (RRϭ0.66; 95% CI, 0.48 to 0.91; PϽ0.001) compared with low-active individuals (Figures 3 and 4) . Table 3 also shows the RRs of stroke incidence or mortality for moderately active individuals versus low-active individuals. In cohort studies, moderately active individuals had a 17% lower risk of stroke incidence or mortality than did low-active individuals (RRϭ0.83; 95% CI, 0.76 to 0.89; PϽ0.001). For case-control studies, moderately active individuals had a 48% lower risk of stroke incidence compared with low-active individuals (RRϭ0.52; 95% CIϭ0.40 to 0.69; PϽ0.001). Overall, when the cohort and case-control studies were combined, moderately active individuals had a 20% lower risk of stroke incidence or mortality than did low-active individuals (RRϭ0.80; 95% CI, 0.74 to 0.86; PϽ0.001). Moderately active individuals also had a 9% lower risk of incident ischemic stroke (RRϭ0.91; 95% CI, 0.80 to 1.05; PϽ0.001) and a 15% lower risk of incident hemorrhagic stroke (RRϭ0.85; 95% CI, 0.64 to 1.13; PϽ0.001) than did low-active individuals (Figures 3 and 4 ).
Discussion
We investigated the association of physical activity with stroke risk by a meta-analysis of existing epidemiological studies. The value of meta-analysis is illustrated by the fact that most studies individually lacked precision, a problem alleviated by pooling. The major finding was that moderately or highly active individuals had lower risk of stroke incidence or mortality than did low-active individuals. Overall, moderately active individuals had a 20% lower risk and highly active individuals had a 27% lower risk of stroke incidence or mortality than the low-active individuals. Both ischemic and hemorrhagic strokes were lower in moderately and highly active individuals. Results appeared to be slightly stronger for case-control studies than for cohort studies, but there was no statistically significant evidence of heterogeneity by study type.
Our study indicates that physical activity probably reduces stroke risk. However, physical activity questionnaires tend to be imprecise and have large measurement error, and therefore . Overall RRs of hemorrhagic stroke incidence or mortality for highly and moderately active individuals vs low-active individuals. Error bars represent 95% CIs for each RR (*adjusted for age only; † †adjusted for age and major risk factors including high blood pressure). A RR Ͻ1.0 indicates that greater physical activity levels may decrease the risk of hemorrhagic stroke incidence or mortality.
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the pooled estimates of RR may have underestimated the true RR. We recently showed a strong inverse relation between cardiorespiratory fitness, an objective marker of physical activity, and stroke mortality. 29 There are several plausible ways by which physical activity might reduce stroke risk. Hypertension and atherosclerosis of cerebral vessels are major causes of stroke. 3, 4 Hypertension is a risk factor for both ischemic and hemorrhagic strokes, and there is a direct dose-response relationship between blood pressure and stroke risk. 40 Physical activity lowers blood pressure and improves lipid profiles. 41 Physical activity also improves endothelial function, which enhances vasodilation and vasomotor function in the vessels. 42 In addition, physical activity can play an antithrombotic role by reducing blood viscosity, 43 fibrinogen levels, 44 and platelet aggregability 45 and by enhancing fibrinolysis, 46 -48 all of which might reduce cardiac and cerebral events.
One limitation of our meta-analysis is that few studies were available to investigate the relation of physical activity to hemorrhagic stroke, 6, 11, 26 although many studies have shown an inverse relationship between physical activity and ischemic stroke. More studies are needed to investigate the relation of physical activity to hemorrhagic stroke. Another limitation is that the definitions of low, moderate, and high activity varied widely among studies, making it impossible to be entirely specific about the amount and type of physical activity required to prevent stroke. The degree of control for confounding variables also varied from study to study. Most studies adjusted for some risk factors besides age; approximately one third adjusted for high blood pressure. If the causal pathway is that physical activity reduces stroke by lowering blood pressure, then not adjusting for blood pressure would be appropriate.
In conclusion, our meta-analysis documents that moderately or highly active individuals have a reduced risk of stroke incidence or mortality. Reduction of stroke risk is another reason to participate in regular and moderate-to high-intensity physical activity.
Editorial Comment Physical Exercise and Stroke: The Sitting Majority Has a Lesson to Learn
One of the most simple, natural, and cheapest ways of preventing a stroke is to exercise regularly. In spite of this trivial wisdom it is hard to get people to increase their cardiovascular fitness, probably because no direct gains are visible and no immediate rewards are attached. One report from Canada estimates that about two thirds of the population are inactive, and the public health burden resulting from this amounts to 2.5% of total direct health costs. 1 For this sitting majority there is now a lesson to be learned. Lee et al report in this issue of Stroke 2 a meta-analysis of all studies published up to mid-2002, including epidemiological as well as case-control studies, showing a clear benefit of physical activity to prevent both stroke incidence and mortality. The magnitude of the effect is considerable, homogenous, and significant: highly active individuals had a 21% lower risk of ischemic stroke and a 34% lower risk of hemorrhagic stroke when compared with low-active individuals.
What has also become evident is that no large differences exist between countries. The studies for this meta-analysis have come from North America and include data from the Framingham cohort and the Northern Manhattan Stroke Study. Other data are from the United Kingdom, Scandinavia, Netherlands, Japan, and Australia. The pooled results show unequivocally that high-level physical activity should become a global recommendation for stroke prevention. Not considering malnutrition and social impoverishment as contributing causes of stroke in less developed countries, there is no reason to assume that physical exercise should be less effective in any other social, cultural, or ethnic setting. Physical activity has also been shown to reduce cardiovascular diseases as well as stroke in women. Although the authors have not presented a separate analysis for this, the obtainable benefits are also impressive. 3, 4 Finally, this article also compiles the evidence for a dose-response relationship: High level activity is better than moderate-level activity, but moderate activity is also effective when compared with low-level activity. When all studies are combined, the moderately active individuals had a 20% lower risk of stroke and death than did low-active persons.
This graded effect of reducing the risk of stroke with vigorous levels compared with moderate levels of physical exercise implies more than just a causal relationship. It shows that the moderate approach also is effective in a measurable, significant, and recommendable way. It shows that people inclined to exercise on moderate levels can also expect some advantage to prevent a stroke. But the role of walking compared with vigorous exercise has to be studied further for stroke prevention and has up to now has been only prospectively assessed for the prevention of cardiovascular events. 5 This is an important issue for future studies because the moderate activity approach seems to fit best for a mass approach.
A lot of the effects could be due to concomitant risk factor modification such as blood pressure lowering. Wisely, the authors argue that if the effect is via blood pressure reduction, the meta-analysis should not control for it. Still, this has been done in one third of the studies. But the major limitation of this study is that no clear working definitions for intensity of
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Physical Activity and Stroke Risk physical exercise have been provided. Most studies use physical activity questionnaires, which are known to be imprecise and biased, especially if quantification is based on self-reported estimates. Other studies have used prespecified categories for light-moderate (such as walking) and heavy physical activity (such as jogging). 6 Usually no parallel caloric measurements or weight controls are performed, and no single laboratory marker has been shown practical for concomitant study, even if lipid profiles 7, 8 and other atherogenic markers such as leukocyte count 9 or tumor necrosis factor 10 could be valuable parameters to monitor risk. On the other hand, surrogate markers such as carotid intima-media thickness cannot be measurably influenced by physical activity. 11 Others still recommend peak oxygen uptake or peak energy expenditure as a relation to oxygen uptake when a person is at rest as a robust measure of physical fitness. 12 It is now established beyond reasonable doubt that highlevel physical activity is to be strongly recommended for the prevention of stroke. Primary care physicians and stroke specialists will now be able to recommend this very effective measure with a higher level of certainty. Still, a truly randomized controlled trial assessing the prospective rates of stroke incidence (or recurrence) is needed. Only such a trial would quantify the true measures of physical activity to be recommended for stroke prevention.
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